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In the foregoing articlei the rolationshi-:, for t-

determination of the velocity of flame propagation in a

system with two active centers hwirn: identical .liffusJ-n

coefficients were obtained. This problem for two active

centers with identical dlffu-Cuion coefficientls• i.- s solved

by reducing it to a problem with ai simplified sýstem of

chain reaction and active centers of the savq kind, con-

sidered in the first articlec which was. devoted to the the1

ory of-'chain-thermal -ropagat-Icn of laninar flaC ea in a

homogeneous ,&neous mixture. In a series ý'ýf works there

where considered: the dependence cf tne fla14•e propagation
3, L., i

vnlocity on pressure and teiuperature , the influen-

ce of the heat conductivity of the hot mixture and of the

diffusion coefficients of the active centers on the velo-

5, 4
city of flame propagation , and the role of brancching

and rupture of chains in chain reactions having relatively

low speeds of the branching processes

In this article a relationship is developed scaor • • g

to which the flame propagation velocity and trne disrribu-

tion of the concentration of active centers in dependenceo

on temperature change in a non-branched reaction system

which includes two kinds of active ce.nters having differenJ
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diffusion coefficients can be calculated.

The system of the reaction and the system cf the

equations, The system of the reaction in which A andl;

represent the starting materials, C - the end product of

the reaction and P1 and P2 - the actve centers is set up

in the following form:

M +A .-. C_ 4P,- M. Q 1  - hRR ((T')- .I
M -+ / - ".:P t + A, 40 h p.,R 2(7"); 0i')

Pj+ f- 5- C +r"Ps, Qjnj " gFtnj - h,.K, (TP) n n.(2)

P2 + A -C + P, QnF= Won, - •K2 (T') n.Ant: (3)
P2- C B. P, Qqn 2 - h$Fl2 -haK g(T') ncn2,n (20)

P, + C. A- P., Q~n2 - h4F~nl -I tK 4 (T') ncnt (3T)

2P, 4. M -. A + ., X10 1 1,,w, (PT') n2; (4)
.,,P, + M -- B +A.f, X'n.2 --% :jW'., (T') n,. ,,4')

On the right are written the expressions for the rates of

heat liberation (or absorption). Here hi is the heat ef-

fect of the reaction in cal/mole; nI and n- - concentra-

tions of the active centers P. and F2 in mole/g of mixture;

nA, n% and n. - the concentrations of the materials A, ,

and C In mole/g of mtixture; Yi iand W - c.;rnstaants for the

reaction rates In g 2 /cm 3 "mole'secz Ri - the rate of chain

generation mole/cmn3 .sec; T' - temperatu•'e in OK. it is

-- 3



assumed that the diffusion coefficients of the starting

materials DA and DS and the product DC are equal to the

coefficient of temperature conductivity (x cDA = cvDr =

cyDc). and therefore the rates of chain generaticn ( nd

(1') and also the expression for F, are writteen as functi-

ons of temperature only.

The system of equations describing the process of the

stationary propagation of the horizontal laminar fkurfe

for the reduced reaction system axnd the assumed condItions

is brought down to three equations

)'P2 &-BP + Q~nI + QA2 Q•r _T- Q.nI E- U.ln + 0,- . 5

Di---B--'- d Fn,- +F4.n,- Fn--F, + p2 -' W',, = . (7)

where B = u.9 , Dl= VDp1 , D2 = DF,, Tr¶3(T' -- T' T

'* " 'ptý2, TXini = Xj1n + X2n2 and p =wj x - the coordinaet

on the axis of the normal flame surface in cam; u th,ý

flow rate directed along the x - axis in cm/see; d- sen-

sity in g/cm3 ; )- heat conductivity in cal/cm •sec. deg-

ree; c - heat capacity at constant pressure in cal/g , deg-

ree; Dp1 and D.2 - the diffusion coefficients of the activ

S " I I I I I I P2



centers P 1 and Pp in cm2/sec.

The index "0" will refer to t. in' t'.i

state of the fresh mixture (T' T index "rto th-

state at combustion temperature (T' .but index (ill

to the state corresponding to the maximal value c,. .h-"

temperature gradient (T' )

The sum of the functions of the heat libe'. n rates

in (5) and the sums of the functions of the reaction rates

in (6) and in (7) are equal to zero at T' T0 and T= T'- 1

The limiting conditions for equations (,), (6), and (i

are:

dT d dnA 0
T'NO th•.n - Neot dr W nd - x-= (8)

T' -•Tr', n& - nir , * , N n~r !E - da - d= , .
dx dxO (9)

Similar conditions are true for flames viJthout heat loss

into the surrounding medi-um and uere accepted on the

strength of the foregoing considerationr12.

Determination of the velocity of flaMOie pEop t.ion.

The calculation of the quadratic ru pture of the chains

which considerably complicates the end re-

sults does not lead to a marked change in the value of the

theoretical velocity of flame propagation . Therefore,in

---- 5 -



the beginning it will be assumed that Wl = 2  0 0. Further

it will be shown how to figure the velocity of flAme pro-

pagation by taking into consideration the velocities of

the quadratic chain rupture and utilizing the approximate

relationships obtained inrJ. (figures in brackets refer to

references in the bibliography, transl.).

The method of solution of this problem based on the

idea of solution of equations of type (6) and (7) withSals

conditions (8) and (9) in the form of polynoj of the se.

cond degree was considered in detail and proved in L2].

In agreement with [21 and on basis of (5), (6), and (7)

the concentrations of active centers at temperature T =

Tm corresponding to the maximal value of the temperature

gradient written as follows:

n,- t, + (Rio + 6,.,n,., -- OWM - Blp,) NM. (10)

ns.- t + (Rm + 6imans- pGm-n- BloBp) AftN ( 1)

where I, -it R n. -

t, .(+ j', O, + ,4 + 4T.,

, - 06 F-

S6



Solving (10) and (11) we find after rearrangement

I& + •R,--a .,) N, + #, + t, +N. +(R. -- P•i, NSI 0,2i

M 4 + 4r,,- Afpo, M#, + Itm, + tNA%) + (Ra -- x•,Pj Nd at=

where I = I& + I, N t = R, + R,.

Substituting (12) and (13) ir.to (5) and considering
that at T = Tm# p = P. and (dp/dT)m=O, end also using the

relationship obtained earlier B- - p.0 p•p•2j in which

19 l4o/CTm we obtain by introducing these symbols in (10)

land (11):

A.' + AU: +A." + A. (1, 4)
where At1 m 4U.,D....

A, - 2Cv (O.v. + Gsj,6) + 2v (SljD,•. + SfD,D) -

- DQD• (S,15 + S.t - Ljmuu

2r, (0•wD. + G,,.,) - 2r (SwR .%D,, + S,,R.D.),

A - - Anr (S1 *n+. Sim sa,),i

S, = , + Q, = •,, + h•,-,.
Sf, Q, + Qs , F,, + hsF,.

7 -



The calculation of the chain generation rates does I
not substantially Influence the theoretical value ote

flame propagation velocity with the exception of special

cases when into the hot mixture a material is introduced

which Is easily decomposed with rLe formation of active

centers, Therefore, disregarding the rates of chain gene-

ration, i.e. assuming that R1 I R2 = R : 4= 0, we obitain

from (14)

I I

where A2 and A are A and A3 at R1 R + = 0.

The velocity of flame propagation will be determined !

using relationships which are found from the relationship

Be 3 pw placing these values

into (5), (6), and (7):

UO (16)

where p* is determined from equation (14) or from the
japproximate equation (15).

From relationship (16) and equAtion (15) for the

Idetermination of the velocity of flame propagation simpler

4approximate relationships can be obtained which are similarl

to those which were derived in foregoing works $ 0

assuming that in (15) A 1 • 0 and also taking into conside-

., , • 8 - ,L



ration that A ~.2cujr (GM~ 2r we f ind

ctDm+i:(G,D ),SG D

where 24 = 2_qvq, (it --. Q)

-. cD 1, K. 01

at Dpi - (T) 0',, '1. Z~

at Dps-~ (TT).w 4D,,,q

and Anm tIDj." + t:D,,

Placing p* from (17) in to (16) Rnd plac~ng these vle

into (10) and (11) we obtain an apTroxximate ralaticaship

for the determination off the velocity of' f3ý.Lue prcpe~gaticný

/(4 1rDv * fl:Am)(S,rnGjtn +SIAM~)

!where

~~ 9 -



___________________ m ;~ + nw sm (41m (201x -

1 II ! II l

or -+-n (o".D,SM + G M)(2o

The relationship (18) can be represented in a form

which conforms with the form of the relationships cbtz.±,ed,

in foregoing works 1 ' 2 for simpler eases if the effective!

total concentration of the active center of one type nf-,

the effective diffusion coefficient Dp,, and the effective,

value 06 are introduced. After simple rearrangenents we I

obtain from (18) and (20)

where

(nirD,r ±M flrDm,.) (G,,. +2
(lr . r + t1;r) 2 + ) (GD)+ GD)

, i rDp1" + n,,rDP,2,n
Dp~n 'lr~fl(23)

(j .. S " n(;"U + " 20;6-'" ; iL 2 .

Gi,, + G (24,

Previously, when the disintegrating flame was consi-

dered2 the mechanism of the gradual (non-branched) chain

reaction was represented by a simplified system with one

kind of active centers. The simplified system was intro-

duced to facilitate the solution of the flame propagation

d 10
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f problem in a system reacting according to the chain mecha-f

nism. The relationships (21) to (24) verify the subr-tanAi-

elity of the simplified system of the chain reaction assu-1

med earlier 2 ' 4 and give an opportunity to determine for

this simplified system the effective concentration of

one kind of active center at combustion temperature (22),

the effective diffusion coefficient (23) and the effective.

constant of the rate of the chain continuation process

which in conformity with (24) is equal to 2Qm/cT,. All.

of the effective values indicated are determirned from the

data of the reaction system with two active centers and

different coefficients of their diffuzion.

Relationships (18) or (21) do not take into conrslde-

ration the influence of the rates of the generation and

the quadratic rupture of the chains. Using the approxi-

mate relationships obtained In [4L and adduced to also in

1.l1 we find from (21) the final relationship for tne deter.-

mination of the velocity of flame propagation u 0 taking

into consideration all of the processes according ýo (1),

(1'), (2), (3), (2'), (3'), (4), and (41):

11 -- ,
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where nr , and are found from relationships (22),

(23) and (24), but the coefficients of the ro.tc. d

taking into consideration the influence of the generation

rates and the rates of the quadratic chain rupture, are

cal.:ulated from the relationsrips:

+ R., "26)2 (-+1L x-:42n.Q,,,T

(27)

where R czRl. F and WI~-t+ W, bur, aixr is fotnd;

from a relationship corresponding to (17). Such a repre-

sentation of the total effective rates of the generation

and the quadratic rupture of chains in the form of sums

of the rates for unlike active centers having differing

diffusion coefficients ii not entirely as strict as in the!

cases when the diffusion coefficients are equal. Hlowever,

-with c and i being little different from unity onpe can

successfully v.se the relationships (26) and (271, which

often takes place in real cases,

Assuming, as it was done in E23, that the distribu-

tion of the concentrations of the active centers P 1 and P2 2

is determined by the values of tne q-taitities at T = TM

12 -



(the admissibility of such an assumption was proven

in 1 2J)we obtain in conformity with (12) and (13; and by

placing the values in (10) and (11) the dependence of the

concentration of the active centers on the temperature:

(4DjmDmP,?,1h) T + [Gs,, At + WDpa (Rzm - 4LeP)I 7Tr
n4Dn,.DpgP + 2 (G2,D,,, + G(j, V) T (Tr - T) (2)

(4D mDtflpnIt) T + |GIMAn + 2D+,,P (Rj,,1 - Pip)] T (Tr - T)
20--,P(29~)

S 1T L,,,D2.,p + 2 (GpDgm + Gs"Dnm) T" (Tr - T)

where An-,= 2pm(llDlm + 1 2 D2m)T 4-(Rm - 9 lp2)T(T. - T),

but pm= p. is found from the solution of (14) or (15)

or from the approximate relationship (17).

In contrast to the functions nl(T) and n2 (T) obtainedf

in [2j for the case when the diffusion coefficients of

both active centers are equal, the dependences (functions)

(28) and (29) are derived taking into consideration the

rates of chain generation,

DISCUSSION OF THE RESULTS OBTAINED

Let us consider some of the consequences resulting

from the relationship (21) or (25). Having assumed in

(24) for the sake of simplicity that F. W 0 and Fm = 0

-- 13



f - . ,m -

we obtain for the guantity Q a simpler relationship

0. (h 1 + h 2 )?i/(Fl - Pa). The t'uantity , an%

which the rate of heat liberation in (25) depends andcon-!i
sequently, also the velocity of flame propagation &re

1determined in the same way as in [iJ, neamely,tivom the

smallest of the values Fix orF2. When Pi= P1Lthe

quantity C = (h, + h 2 ) Fl/2 = (h1 + h 2 ) jP/2. The

quantity Qm does not depend on nir and n 2 • and zn indivi-

dual heat effects, but is determined by the algebraic sum n

of the heat effects of two consecutive chain continuation I

processes. The rate of heat liberation depends also on I

the product nDPM [IrelationshUps (22) and(23)j the value

of which will be basically determined by that al the pro-

ducts nlrDp or. n 2 Dr. which turns out to be the highestl

under the given conditicns. The active center with the

greatest product nirDpim will be the determining (leading)

active center, For the case considered in [11 with equal

diffusion coefficients the leading active center was the

one which had the greatest concentration value at the

cOmbustion temperature.

The product of the two fractions on the right side

of the relationship (22), i.e. the quantity nr/(nlr4n2r),

will always be within the limits between the two extremte

"--14 "



possible values Dlm/Dm and D/t/Dim. Let us also considerj

the product nrDp, of the relationships (22) and ',23) at

F3m= 4M a 0 (this means that in the.relationship (22)

instead of Glm and G2m there will be Vim and F.., respec-

tively). It is obvious that this product to a considerablej

degree is determined by the diffusion flow of the active

centers or the leading active center having th. maximal

product n irDpim*. However, the diffusion flow cf the lead-I

ing active center also depends on the ratio of the rates

of the conseclutive processes (2) and (3), ie. on the

ratio of the quantities FPm and F.., since the diffusion

flow depends not only on nl, and n2r, but also on the

concentration of the leading aoti.ve center at T = Tm

which in turn depends on the rate of coneumiption and for-

mation of the leading active center, Let us assume, for

example, that nlrDlm > n•.D2m, then the q7-untity nr accordt

ing to relationship (22) will essentiall; depend on the
size of the quantities FlmDm and Em~lm. Moreover, if

PlmD20> F2,Dl,, then the concentration P1 at T = T, will

to a high degree depend on the rate of consumption ?P ac-

cording to process (2). This is explained by the high

rate of consumption Pi. If, however, PlnD;a< F 2mDl,

then the concentration P lin the reaction zone will to a

l1



low degree depend on the diffusion flci, because teie rate

of formation P1 according to the proce's 0)3 Is

comparetively high. However, ar a ýnolb, .o.s Ii

from inspection of the product nrDp.,the velocity of

flar.e propagation is determinhad to a ,tore si..ar.e

degree by diffufsion flow of the activ-e centers irt 4. sysvremn

of -"ribranched chain reactions, 'which is quite ev'z.1--t

physically. In cais when there will bt a hig._> ',c 1

reaction or an unbr.'nched reaction w.;ith s. rela-ively h.gh
of

rate, generation of active centers tthi3 Ckf hacn upon

addition of small quaritities of ozone

or any other substarce '-o t-Iot nixture which (the

substance) would ra ydecompos t t fC-

tive centers at temperatures belch: that of -crbusticrk

th6 leading role of the diffusion of thae ative centers

in the flame propagation will be elizminated as a c:nsequ-,

ence of the high rate of generation of active can'•÷r. In

the reaction zone 44ue to the branching o- generation of

chains.

The leading active center will basically detem.--ine the

character of the dependencies oi the flame propagat.:on

rate on pressure and combustion temperakiure. The COn3rn-

trations of the various active centers can by tlheriwelves

depend on the pressure and temperatuare of comabustion of '

"16



a mixture of a given initial composition Upon

changing the initial composition of the mixture ihe rapl-

dity of the change in the concentration of the given acti-

ve center changes with a change in pressure and temperatu-
3re, Therefore when the pressure is chii•ged the leading

role may pass from one active center to %#ozher and will

depend on the composition of rhe mixture. Therefore, also

the effective activation energy determined by formulas

obtained without taking into consideration the diffusion
of the active centers will depend on the initial composit-I

ion of the hot mixtureI' 3

Relationship (25) enables to determine the true con-

stants and energies of activation of elementary processes

from the experimental dependencies of the rate of flame

propagation on pressure and temperature of combustion
Relationships (16) and (14) allow to determine the experi-

mental values of the constants and activation energies

with a great accuracy.

Numerical calculations. The relationships obtained

enable to carry out calculations of absolute theoretical

ivalues of the flame propagation velocities for real cases

'when the values found experimentally (not dependnet on the:'

fflame by purely kinetic methods) and necessary for the

17



calculation or the rate constants and activation energies

of elementary processes are assumed. The systci F1ownr

in the beginning of the article is true for the combustionj

of halogen-hydrogen mixtures. As an example combustible

chlorine-hydrogen mixtures were selected whose kinetics

are well known and can be represented by the following

system of chain roactions:

,

HHO Hj-C1 Cl. P~ *2Z 1'4)' KS. 0 pep(-~)

where two values thp coeffichient K were assumed:.o1013.7 A.wr13e4.

K2 a and K2 = The dependencies of the rate'

constants of the reactions shown were taken from the data
of Trotman-Dickenson6 and Schumacher7

Data for two mixtures obtained on the basis of thermo..

dynamic calculations are shown in table 1, where 4i is

the molecular weight of the mixture.

For both mixtures the diffusion coefficients of the

active centers and the heatcondnctivity were taken roam

the work of Hellwig and Anderson 8 : Dp_ 0.19 (chlorine

18



'-, , din I I -il ... a -S

atom) and D 1.04 (hydrogen atom) at 'k =2"-.9

and A 8.6 - 10"5
The results of calculation3 according to relationshipi

(25) are given in table 2, where the data for correspondlnr

9mixtures obtained by Bartolome are alsc given. In viev:

of some confusion in regard to the value of the ':oefficient

of process (3) the calculations were carried out ,th the

two values of K2 indicated above. In both cases ;-x 1.00

and •a 1.00 , although an extremely high value , -.

1016 e57 000.

RT was taken for the rate con.';at of

the generation of chlorine atores, For the rate constant

of the quadratic rupture of the chains the value taken
was 2 " I0 3 2 m6 /mlecule 2 . see. The results of thel

calculations show that when the ralts of the quadratic

chain rupture is taken into account there is practically

no influence on the calculated value of 6he flame Fropa-

gation velocity (for - 1.00).

The comparison of the experimertal values of th.i- ve-

locities of flame propagation with the theoretical ones,

calculated using relationship (25) and given in table 2,

indioates their satisfactory agreement. In the first ar-

ticles which was devoted to the study of the flame prorL-

-mo 19



Table I

The Data of the Thermodynamical

Calculation

SL ___,.....___

I 4d

n-5 CA

~vdM

+
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Tat!e 2

Experimental and Theoretical Values of Flame

Propagation Velocities (ca/see) for Chlorine-

hydrogen Mixtures

• fb Cnlei mae -m -(25)I

W I , ' 252 2Mi

1. Composition of mixture

2. Experimental data of Bartolom 9

3. From relationship (25) at r 10
' 103,4

4. From relationship (25) at K2 U

-- 21 --



gation process in a system with a simplified scheme of
the chain reaction and which included aitive centoers of

one kind, comparison of results obtainec by theoretical

calculation according to a relationship of the type of

(25) with results obtained by numerical L-,tegration of

the equation of the initial system was given. The diffe-

rence in the .i.xnerical tlues of the flaw. propagation

velocities in thesec two cases was a few percent. Taking

this circumstance A..- to consideration, and also the data oni

the comparison of exporjental and theoretical values

given in table 2 a . "io, must be made that tbe theo-

retical considaratierc- o! -.- *-stem with the -nbranohed

chain reaetioA ooir-,,." . ibe s the real process of

flame prop agati'.l.

The results ob,ý;n,.iad (table 2) subsitantiate the pos-

sibility to determ:t, the true constants and the activat-.

ion energies of chain conninuation processes from the ex-

perimental dependencies of the flaane propagation velocity

on the combustion temperature.

The author expresses his deep appreciation to V. N.

Kondrattyev for his valuable advice and help in this work.
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2 CON L1JSITC:

1, For the sch(-r,.., ,of -cr.hrT..;

with two active centers relationshlips were cbt•-ined •r

ths detnnmination o1 the f¶'lr -," ,..,.-

take into consideration the &~:fusci oi" ooth cf the ac-

tive centers that hAve differi,:- diffusýon coefc ts

and which also take into consi t'). tion r •ate ,",' gene-

* ration and the rate of the quadr9tic rupture of' the

chains.

2. For two cases of combustion of .'

mixtures the theoretical values of the 1-raze p.r-.:•:3at.rLon

velocities were calculated, which are in a Sft.. ,Tfaotory

agreement with experimental data.

Institute of Chemical Physics SubYitt ed

Of the Academy of Sciencea 2 D)ecrmer 19:8

of the USSR
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